Static, vibration and buckling behavior of laminated composite and sandwich skew plates is studied using an efficient C 0 FE model developed based on refined higher order zigzag theory. The C 0 FE model satisfies the interlaminar shear stress continuity at the interfaces and zero transverse shear stress conditions at plate top and bottom. In this model, the first derivatives of transverse displacement have been treated as independent variables to overcome the problem of C 1 continuity associated with the plate theory. The C 0 continuity of the present element is compensated in the stiffness matrix formulation by adding a suitable term. In order to avoid stress oscillations observed in the displacement based finite element, the stress field derived from temperature is made consistent with the total strain field by using field consistent approach. Numerical results are presented for different static, vibration and buckling problems by applying the FE model under thermo mechanical loading, where a nine noded C 0 continuous isoparametric element is used. It is observed that there are very few results available in the literature on laminated composite and sandwich skew plates based on refined theories. As such many new results are also generated for future reference.
Introduction
Composite materials are widely used in many engineering applications due to their high stiffness/strength to weight ratio. Laminated composite structures are weak in shear due to their low shear modulus compared to extensional rigidity. Considerable research (Reddy and Palaninathan, 1995; Jaunky et al. 1995; Wang, 1997; Babu and Kant, 1999) has been published on buckling response of skew composite laminates. In these investigations, numerical methods such as the finite element method, the Rayleigh-Ritz method, etc. are used. Reddy and Palaninathan (1995) used an triangular finite element based on the classical laminated plate theory. Jaunky et al. (1995) and Wang (1997) employed the Rayleigh-Ritz method incorporating first-order shear deformation effects. Babu and Kant (1999) presented two C 0 shear deformable finite element formulations for the buckling analysis of skew laminated composite and sandwich panels. A 16-node bi-cubic Lagrange element is used in all the formulations. Haldar (2002) and Sheikh et al. (2002) used a high precision triangular element based on the first order shear deformation theory for both cross ply and angle ply skew laminate. In all these investigations skew laminates subjected to only mechanical loads are considered. In the case of skew laminated composite and sandwich plates subjected to thermal loads, there are few studies (Prabhu and Durvasula, 1974a; 1974b; 1976) available on thermal buckling of isotropic skew plates. Kant and Babu (2000) employed higher order shear deformation theory based on finite element models for the thermal buckling analysis of skew laminated composite and sandwich plates subjected to thermal loading. Prakash et al. (2008) investigated thermal postbuckling behavior of functionally graded material of skew plates. Vosoughi et al. (2011) analyzed postbuckling behavior of laminated composite skew plates subjected to thermal loading. There are virtually no papers available in the open literature for the skew laminated composite and sandwich plates based on the refined higher order shear deformation theory. Keeping all the aspects in view an attempt has been made to analyze skew composite and sandwich plates by using a nine noded C 0 finite element model based on the refined higher order shear deformation theory.
Formulation
The in-plane displacement fields for the refined higher order zigzag theory are taken as below Also, we have the stress strain relationship of a lamina, say k th lamina, which may be expressed in the structural axes system (x-y) as
Now by utilizing the transverse shear stress free condition at the top and bottom of the plate
and . The strain displacement relation may be written as below
where ሾ‫ܤ‬ሿ is the strain-displacement matrix and ^G is the element nodal displacement vector.
Thermal strain due to temperature change is given by ^`, expansion coefficients in the structural axis (x-y-z) system therefore, the net strain may be written as
in which ^ǹ H is the total strain and ^t h H is the thermal strain, respectively.
For the present study, a nine nodedisoparametric element with seven unknowns has been usedin the proposed finite element model
where ሼܲሽ is the nodal force, ሾܰሿ is the shape functions matrix and q is the intensity of transverse load respectively. Thermal loading may be obtained as below
where ^`, , ,etc.
and ^F is the thermal load respectively, and
here i ,j =1, 2, 6 and ^t h H is the thermal strain components.
It can be observed that the total strain field is always interpolated to a lower order when compared to the thermal strain fields. Hence thermal strain fields should be consistently reconstituted to the order of inplane normal strain field to get accurate strains and stresses over the element domain. Therefore, this is accordingly taken care to make them field consistent (Naganarayana et al., 1997) .
The following thermal case has been considered: uniform temperature across the depth 
where, u T = temperature at top surface, L T = temperature at bottom surface. By applying the virtual work method, we get
where [k] is the element stiffness matrix and {P} is the element nodal load vector as written below.
The element mass matrix may be written as
where i U is the mass density of the k-th layer and [C] is the shape function matrix the geometric stiffness matrix g k ª º ¬ ¼ of an element may be written as
where > @ k S is the in-plane stress components of the k-th layer. For the linear thermal buckling problems, the stability equation can be expressed as
¬ ¼ are the global elastic and geometric stiffness matrix and O is the critical temperature parameter respectively.
In the first step, a static problem is solved to calculate thermal stresses at the Gauss points of different elements for the assumed temperature rise. These thermal stresses are then used to form the matrix
of the geometric stiffness matrix and the linear thermal buckling problem is solved to calculate the critical buckling temperature. Finally, the thermal vibration problem is solved an eigen value problem by taking different temperatures just below the calculated critical buckling temperature.
The equation of thermal vibration may be written as
in which > @ Kc is the reduced stiffness matrix, > @ M is mass matrix, O is a fraction of critical buckling temperature and Z is the frequency of thermal vibration, respectively.
A computer program has been written as per the above formulation. The boundary conditions used in different cases are as follows: 1. Simply supported boundary conditions on all sides (SSSS)
Clamped boundary conditions on all sides (CCCC)
u 1 =u 2 =w =Ȍ 1 = Ȍ 2 = w 1 = w 2 = 0 at x =0, a and y= 0, b.
Numerical results and discussion
Various numerical examples of skew isotropic and laminated composite plates (Fig.1 ) having different features are solved by the proposed C 0 finite element and the results obtained are presented with some published results for necessary comparison. The whole plate (Fig.1) is modeled with different mesh arrangements shown in different tables. As the sides BC and AD (Fig.1) are inclined to the global axis system (x-y), the degrees of freedom of the nodes on these two sides are transformed in the local axis system ( x'-y') for incorporation of boundary conditions for edges other than clamped. Since very few results are available in the open literature for skew plates under thermo-mechanical loading conditions, a number of numerical problems of skew plate have been solved considering different boundary conditions, ply orientations, thickness ratio and aspect ratio. The results obtained by using the proposed finite element method is first validated with the published results and many new results are generated for future reference as there is no result available in the literature based on the refined theories for skew plates according to the author's best knowledge. (2002) and Kabir (1995) , respectively. The present results are in well agreement with the results of Halder (2002) and Kabir (1995) , respectively. Kabir (1995) 0.2600 0.0852 -
Clamped isotropic skew plates
In this example, clamped isotropic skew plates with the thickness ratio (a/h =100) have been analyzed for different skew angles subjected to a uniform temperature rise throughout the thickness. The material properties for the isotropic plate are given by
The normalized critical buckling temperature is defined as follows: Ȝ cr = Į 0 T where T is the critical temperature, Į 0 is the normalization factor which is taken as = 10 -6 . The critical temperature (Ȝ cr ) obtained for the thickness ratio (a/h =100) by using the proposed FE model is shown in Tab.2. It is observed that the present results are close to the results of Prakash (2008) and . The present problem of a symmetric cross-ply (0 0 /90 0 /90 0 /0 0 ) skew laminate for different skew angles subjected to a uniform temperature rise throughout the thickness is considered. The material properties are as follows
The critical buckling temperature 2 cr 0 10 T c O uD obtained for the thickness ratio (a/h =100) by using the proposed FE model is shown in Tab.3. It is found that the results obtained using the present FE model are quite close to Kant et al. (2000) and Vosoughi et al. (2011) , respectively. Kant et al. (2000) and Vosoughi et al. (2011) , respectively. 
Conclusions
An analysis of skew laminated composite and sandwich skew plates is mode using an efficient C 0 FE model developed on the basis of the refined higher order zigzag theory. The C 0 FE model satisfies the interlaminar shear stress continuity at the interfaces and zero transverse shear stress conditions at the plate top and bottom. In this model, the first derivatives of transverse displacement have been treated as independent variables to overcome the problem of C 1 continuity associated with the plate theory. The C 0 continuity of the present element is compensated in the stiffness matrix formulation by adding a suitable term. It has been established through various numerical examples that the present higher order zigzag theory can accurately predict the deflection vibration and buckling of general laminated composite and sandwich plates. 
